To separate Mo(VI) and Zr(IV) ions from a 0.5 M oxalic acid solution and from each other, a novel macroporous silica-based N,N,N′,N′tetraoctyl-3-oxapentane-1,5-diamide (TODGA) chelating polymeric adsorbent (TODGA/SiO 2 -P) was synthesized by introducing the TODGA molecule into ca. 50-µm diameter SiO 2 -P particles by impregnation. The adsorption of Mo(VI) and Zr(IV) ions onto TODGA/SiO 2 -P was investigated by examining the influence of nitric acid and oxalic acid concentrations.
INTRODUCTION
In order to minimize the long-term radiological risk and facilitate the management of HLLW, i.e. high-level liquid waste, the partitioning of long-lived minor actinides such as Am(III) and Cm(III) *Author to whom all correspondence should be addressed. E-mail: zhang@iri.or.jp. (A. Zhang) . and of some specific fission products (FPs) such as rare earths(III) [RE(III)], Zr(IV), Mo(VI), Sr(II), Cs(I) and the platinum group metals from HLLW is very desirable. For this purpose, a number of liquid-liquid solvent-extraction partitioning processes such as TRUEX, DIAMEX, DIDPA, ALINA, SETFICS and SANEX, etc., which use various conventional or newly developed extractants, have been developed (Eccles 2000; Madic et al. 1994; Madic 2001; Morita et al. 1995; Kolarik et al. 1999; Choppin and Nash 1995; Schulz and Horwitz 1988) . Of these extractants, a neutral chelating reagent, viz. octyl(phenyl)-N,N-diisobutylcarbamoylmethylphosphine oxide (CMPO), a bifunctional organophosphorus compound, is well known as being capable of the effective extraction of many kinds of actinides and FPs from an aqueous solution containing concentrated nitric acid (Horwitz and Kalina 1984; Mathur et al. 1992; Brewer et al. 1998) . Moreover, since CMPO is quite stable chemically in nitric acid solution and is available commercially, its use for partitioning actinides from HLLW has been studied extensively (Murali and Mathur 2001; Takeuchi et al. 1995) . However, it is well known that these solvent-extraction processes generate a considerable amount of organic waste as a result of the hydrolytic and radiolytic degradation of organic extractants and diluents (Nash et al. 1988; Chiarizia and Horwitz 1986) . In addition, a large amount of equipment is required for the multi-stage process of extraction, stripping and solvent washing. Thus, a separation technique utilizing a minimal amount of organic solvent and compact equipment would be advantageous for HLLW partitioning. As an alternative separation procedure, extraction chromatography would appear to be promising.
Recently, on the basis of the SETFICS process (Koma et al. 1998a,b) , a novel partitioning technology called the MAREC (Minor Actinides Recovery from HLLW by Extraction Chromatography) process as shown in Figure 1 was proposed by the authors as a means of recovering Am and Cm from HLLW using a novel silica-based octyl(phenyl)-N,N-diisobutylcarbamoylmethylphosphine oxide extraction resin (CMPO/SiO 2 -P) synthesized by impregnating macroporous SiO 2 -P particles of 50-µm mean diameter with CMPO Zhang et al. 2003a Zhang et al. , 2004 . Two columns packed with CMPO/SiO 2 -P extraction resin were utilized for the chromatographic separation of the elements through selective adsorption and elution procedures. The elements were effectively separated in the first column into the following three groups, depending on their different adsorption and elution behaviours arising from their abilities to complex with CMPO and DTPA: (1) Cs, Sr, Rh and Ru (non-adsorptive FP); (2) minor actinides (MA), heavy rare earths (hRE) (Eu-Lu and Y), Zr, Mo 1 and Pd (referred to as MA-hRE-Zr-Mo); and (3) light rare earths (lRE). Subsequently, the MA-containing effluent was applied to the second column where the elements were separated into (1) Pd, (2) MA-hRE and (3) Zr-Mo, respectively, through the use of H 2 O and 0.5 M H 2 C 2 O 4 or 0.05 M DTPA-pH 2.0 (Zhang et al. 2003b) as eluants.
A number of workers (Tachimori et al. 2002; Narita et al. 1998; Sasaki et al. 2001; Morita et al. 2001) have reported that N,N,N′,N′-tetraoctyl-3-oxapentane-1,5-diamide (TODGA), a neutral chelating agent containing oxygen, possesses superior extraction capabilities towards many kinds of elements such as actinides(III) and lanthanides(III) in HLLW when used in liquid-liquid solvent-extraction processes. However, investigations of polymeric adsorbents containing TODGA for separating MA(III), RE(III) or FPs from HLLW have been reported only rarely (Hoshi et al. 2004) .
To further separate the Mo(VI) and Zr(IV) ions from the resultant Zr-Mo-0.5 M H 2 C 2 O 4 effluent in the second column of the MAREC process, a novel macroporous silica-based TODGA extraction resin (TODGA/SiO 2 -P) was synthesized in the present work by impregnating ca. 50-µm diameter SiO 2 -P particles with TODGA. The adsorption capabilities of TODGA/SiO 2 -P towards Mo(VI) and Zr(IV) ions were investigated over a wide HNO 3 concentration range (0.5-9.0 M). Separation of Mo(VI) and Zr(IV) ions from 6.5 M HNO 3 solution containing 0.5 M H 2 C 2 O 4 was performed using a TODGA/SiO 2 -P resin-packed column employing some selected eluants.
EXPERIMENTAL

Reagents
The ZrO(NO 3 ) 2 •2H 2 O and (NH 4 ) 6 Mo 7 O 24 • 4H 2 O employed were both of A.R. grade. The respective concentrations of Mo(VI) and Zr(IV) used were 5.01 × 10 −3 M and 3.36 × 10 −3 M in batch experiments and 7.57 × 10 −3 M and 5.12 × 10 −3 M in column experiments. The purity of N,N,N′,N′-tetraoctyl-3-oxapentane-1,5-diamide (TODGA) purchased from Kanto Chemical Co. Inc. of Japan was more than 99%. It was used without further purification. Aqueous solutions of HNO 3 and H 2 C 2 O 4 at various concentrations as well as those of the feed solution used in column separation were prepared as and when required. Synthesis of the SiO 2 -P particles used as the macroporous, silica-based support was undertaken in our laboratory, as described previously (Wei et al. 2000) . Dichloromethane and other reagents employed were of A.R. grade and were used without further treatment. 
Synthesis of the silica-based TODGA/SiO 2 -P adsorbent 2
This adsorbent was synthesized as follows. First, N,N,N′,N′-tetraoctyl-3-oxapentane-1,5-diamide (10 g) was dissolved in ca. 50 ml of dichloromethane and placed in a 300-ml flask. To this solution was added 20 g of SiO 2 -P particles and the mixture obtained stirred mechanically for 90 min at room temperature. Subsequently, the mixture was moved into a silicon oil bath and further stirred for ca. 180 min at ca. 50°C to ensure impregnation and immobilization of the N,N,N′,N′tetraoctyl-3-oxapentane-1,5-diamide molecules in the pores of the SiO 2 -P particles. 3 The TODGA/SiO 2 -P extraction resin was obtained after evaporation of the solvent and drying the resulting material in a vacuum oven at ca. 50°C for 24 h. It was characterized by TG/DSC methods and elementary analysis, respectively. A schematic diagram for the synthesis of the TODGA/SiO 2 -P extraction resin is depicted in Figure 2 .
Adsorption capabilities of TODGA/SiO 2 -P towards Mo(VI) and Zr(IV) ions
Such capabilities were examined by mixing a weighed amount of dry TODGA/SiO 2 -P extraction resin as the solid phase with 5 ml of a liquid phase consisting of an HNO 3 solution containing 5.01 × 10 −3 M Mo(VI) ions and 3.36 × 10 −3 M Zr(IV) ions in the absence or presence of H 2 C 2 O 4 in a 50-ml ground glass-stoppered flask. This flask was then placed in a water bath maintained at 25°C and shaken mechanically at 120 rpm for 180 min. The concentrations of HNO 3 and H 2 C 2 O 4 employed ranged from 0.5 M to 9.0 M and from 0.01 M to 0.5 M, respectively. After phase separation, the concentrations of Mo(VI) and Zr(IV) ions in the aqueous phase were determined by means of an SPS-5000 model ICP-AES atomic emission spectrometer (Seiko Co., Japan). The corresponding distribution coefficients (K d ) for the ions onto the TODGA/SiO 2 -P extraction resin were calculated from the relationship:
(1) where C 0 and C e represent the initial and equilibrium concentrations, respectively, of Mo(VI) or Zr(IV) ions in the aqueous phase, while W and V denote the weight of dry TODGA/SiO 2 -P and the volume of the aqueous phase used in the experiments.
Chromatographic separation of Mo(VI) and Zr(IV) ions
Prior to the experiment, a weighed amount of TODGA/SiO 2 -P extraction resin equilibrated with 6.5 M HNO 3 was packed into a Pyrex glass column (22 cm × 1 cm i.d. dimensions). The temperature used during the loading and elution cycle was maintained constant at 50°C by circulating thermostatted water at a flow rate of 1 ml/min through a water jacket surrounding the column. After the feed solution containing 7.57 × 10 −3 M Mo(VI), 5.12 × 10 −3 M Zr(IV), 0.5 M H 2 C 2 O 4 and 6.5 M HNO 3 had passed through the column, known volumes of aqueous solutions containing 6.5 M HNO 3 , 0.1 M HNO 3 , distilled water and 0.5 M H 2 C 2 O 4 as eluants were subsequently pumped down-flow through the adsorption column. Effluent fractions were collected as 10-ml aliquots by a DC-1500 model auto-fractional collector (Eyela, Japan). The concentrations of Mo(VI) and Zr(IV) ions in the effluent were analyzed by ICP-AES methods as mentioned above. 
RESULTS AND DISCUSSION
Influence of contact time on the adsorption of Mo(VI) and Zr(IV) ions
The effect of contact time on the adsorption capacity of TODGA/SiO 2 -P extraction resin towards Mo(VI) and Zr(IV) ions in the absence or presence of 0.5 M H 2 C 2 O 4 was studied at 25°C at a phase ratio of 0.25 g/5 ml and an HNO 3 concentration of 3.0 M. The concentrations of Mo(VI) and Zr(IV) ions employed were 5.01 × 10 −3 M and 3.36 × 10 −3 M, respectively. The results obtained are depicted in Figure 3 . As can be seen from the figure, even with an increase in contact time, the distribution coefficient for Mo(VI) ions was always less than 5 ml/g both in 3.0 M HNO 3 or in 0.5 M H 2 C 2 O 4 /3.0 M HNO 3 solution. Such a low value of the distribution coefficient was due to the weak complexing ability of Mo(VI) ions with TODGA/SiO 2 -P resin, which may be due to the lack of affinity between the Mo(VI) ion and the hard-atom O contained in TODGA.
In the presence of 0.5 M H 2 C 2 O 4 , the distribution coefficient for Zr(IV) ions was quite similar to that for Mo(VI) ions, being less than 10 ml/g. However, in the absence of 0.5 M H 2 C 2 O 4 , the distribution coefficient for Zr(IV) ions onto TODGA/SiO 2 -P resin increased rapidly as the contact time increased and approached a value of 3.5 × 10 4 ml/g at a contact time of 180 min. Such an obvious difference in the distribution coefficient for Zr(IV) ions arose from the complex equilibria of Zr(IV) with H 2 C 2 O 4 and TODGA/SiO 2 -P resin. Thus, in the presence of 0.5 M H 2 C 2 O 4 , Zr(IV) ions were strongly coordinated with H 2 C 2 O 4 in 3.0 M HNO 3 and showed almost no adsorption onto TODGA/SiO 2 -P resin. However, in the absence of H 2 C 2 O 4 , only Zr(IV) ions were complexed and adsorbed by TODGA/SiO 2 -P resin at quite a high level. The significant decrease in the 502 Anyun Zhang et al./Adsorption Science & Technology Vol. 22 No. 6 2004 Contact time (min) distribution coefficient for the Zr(IV) ion was a reflection of the fact that the complexing ability of Zr(IV) ions and H 2 C 2 O 4 in 3.0 M HNO 3 was much greater than that of Zr(IV) ions and TODGA/SiO 2 -P.
Effect of HNO 3 concentration on the adsorption of Mo(VI) and Zr(IV) ions
The influence of HNO 3 concentration on the adsorption of Mo(IV) and Zr(IV) ions onto TODGA/SiO 2 -P resin was investigated over the range 0.5-9.0 M, both in the absence and presence of 0.5 M H 2 C 2 O 4 employing a phase ratio of 0.20 g/5 ml and a contact time of 180 min. Figures 4 and 5 illustrate the results obtained. As can be seen from Figure 4 , in the absence of 0.5 M H 2 C 2 O 4 , the distribution coefficient (K d ) for Mo(VI) ions decreased noticeably as the HNO 3 concentration increased from 0.5 M to 3.0 M. However, as the HNO 3 concentration increased further from 3.0 M to 6.0 M, the distribution coefficient subsequently increased slowly and showed only a gradual increase above 6. (Jenkins and Wain 1963; Ojo et al. 1975; Pribylova et al. 1995; Cruywagen and Heyns 1987; Howard et al. 1975 ). All these various species have differing complexing abilities with the TODGA molecule, which result in different adsorption behaviours onto the TODGA/SiO 2 -P resin. However, in the presence of 0.5 M H 2 C 2 O 4 , the distribution coefficient (K d ) of the Mo(VI) ion always decreased as the HNO 3 concentration increased from 0.5 M to 9.0 M, being below 5 ml/g over the range 2.0-6.0 M HNO 3 and 1.5 ml/g above 6.0 M HNO 3 . These values are evidently lower than those in the absence of 0.5 M H 2 C 2 O 4 . Such low adsorption was caused by the strong complexation of the Mo(VI) ion and H 2 C 2 O 4 . Since the stability of the resulting complex was obviously greater than that of the complex formed between the Mo(VI) ion and TODGA, it was assumed that Mo(VI) ions complexed by H 2 C 2 O 4 exhibited no adsorption onto the TODGA/SiO 2 -P extraction resin at acidities above 6.0 M HNO 3 . Such non-adsorption of the Mo(VI) ion in 6.0 M HNO 3 in the presence of 0.5 M H 2 C 2 O 4 was valuable for the separation of Mo(VI) and Zr(IV) ions from each other. Figure 5 shows the distribution coefficient (K d ) of the Zr(IV) ion onto TODGA/SiO 2 -P resin as measured at different HNO 3 concentrations in the range 0.5-9.0 M. Obviously, in the absence of 0.5 M H 2 C 2 O 4 , the trend exhibited by the distribution coefficient (K d ) of the Zr(IV) ion was quite similar to that for the Mo(VI) ion, despite the distribution coefficient (K d ) of the Zr(IV) ion being considerably higher than that of the Mo(VI) ion. Such a high distribution coefficient resulted from the strongly chelating complexation of the Zr(IV) ion and the TODGA/SiO 2 -P resin. Comparison with Figure 4 clearly shows that the complexing ability of TODGA/SiO 2 -P towards the Zr(IV) ion in 0.5-9.0 M HNO 3 was greater than that for the Mo(VI) ion. This may be due to the more ready reaction of the Zr(IV) ion with the hard-atom O contained in the TODGA molecule.
In the presence of 0.5 M H 2 C 2 O 4 , it was found that the adsorption of Zr(IV) ions was very much determined by the HNO 3 concentration. The distribution coefficient of the Zr(IV) ion approached zero over the 0.5-4.0 M HNO 3 concentration range, increased gradually over the 4.0-6.0 M HNO 3 region and increased noticeably again above 6.0 M HNO 3 . Moreover, the adsorption curve for the Zr(IV) ion onto TODGA/SiO 2 -P resin at acidities in excess of 6 M HNO 3 in the presence of 504 Anyun Zhang et al./Adsorption Science & Technology Vol. 22 No. 6 
Effect of H 2 C 2 O 4 concentration on the adsorption of Mo(VI) and Zr(IV) ions onto TODGA/SiO 2 -P
To specifically evaluate the influence of H 2 C 2 O 4 , the adsorption capability of the TODGA/SiO 2 -P resin towards a 3 M HNO 3 solution containing 5.01 × 10 −3 M Mo(VI) ions and 3.36 × 10 −3 M Zr(IV) ions was studied over the H 2 C 2 O 4 concentration range of 0.01-0.50 M and at a phase ratio of 0.20 g/5 ml, respectively. The results obtained are depicted in Figure 6 .
From the figure, it will be seen that the distribution coefficient (K d ) for Zr(IV) ions onto the TODGA/SiO 2 -P resin decreased noticeably as the H 2 C 2 O 4 concentration increased from 0.01 M to 0.5 M, the slope of the corresponding linear log-log plot being equal to −2.04. This implies that two C 2 O 2− 4 anions were capable of dissociating from one Zr(IV)-H 2 C 2 O 4 complex, i.e. two C 2 O 2− 4 anions took part in the formation of the Zr(IV) complex with H 2 C 2 O 4 . Thus, combined with the results of the HNO 3 concentration effect on the adsorption mentioned above, the use of equation (2) to describe the complex formation and dissociation of Zr(IV) ions with H 2 C 2 O 4 and TODGA/SiO 2 -P was reasonable. Such a significant decrease in the distribution coefficient of the Zr(IV) ion was a reflection of the fact that, in 3 M HNO 3 , the stability of the Zr(IV)-H 2 C 2 O 4 complex was greater than that of the Zr(IV)-TODGA/SiO 2 -P complex. Complexation of the Zr(IV) ion with H 2 C 2 O 4 resulted in a decrease in the adsorption of Zr(IV) onto the TODGA/SiO 2 -P resin. The distribution coefficient (K d ) of the Zr(IV) ion was greater than 2 × 10 4 ml/g for 0.01 M H 2 C 2 O 4 and less than 6 ml/g for 0.5 M H 2 C 2 O 4 in 3.0 M HNO 3 . Such an obvious change in the distribution coefficient of the Zr(IV) ion supports the strong adsorption and non-adsorption, respectively, of the Zr(IV) ion and the complexed Zr(IV) ion onto TODGA/SiO 2 -P.
Adsorption/Chromatographic Separation of Mo(VI) and Zr(IV) Ions from Oxalic Acid Solution 505 4
In terms of the ligand field theory and the coordination properties of the Zr(IV) ion with many conventional organic chelating ligands, if it is assumed arbitrarily that the composition of the complex between the Zr(IV) ion and TODGA is Zr(NO 3 ) 4 • 2TODGA, then the adsorption mechanism and the dynamic interconversion between the complexes of Zr(IV) with TODGA/SiO 2 -P and H 2 C 2 O 4 may be expressed by the following equation: The adsorption of the Mo(VI) ion onto TODGA/SiO 2 -P resin was originally quite weak. After addition of H 2 C 2 O 4 , the adsorption capability of TODGA/SiO 2 -P resin towards the Mo(VI) ion was much poorer because of its complexation with H 2 C 2 O 4 . The distribution coefficient (K d ) of the Mo(VI) ions in 3.0 M HNO 3 was ca.10 ml/g for concentrations of H 2 C 2 O 4 below 0.1 M and less than 3 ml/g for H 2 C 2 O 4 concentrations above 0.2 M. As a consequence, the Mo(IV) ion basically showed no adsorption when the H 2 C 2 O 4 concentration was greater than 0.2 M.
Separation of both Mo(VI) and Zr(IV) ions individually from 0.5 M H 2 C 2 O 4
Based on the batch experiments, the TODGA/SiO 2 -P resin-packed column was used for separating Mo(VI) and Zr(IV) ions individually from a 0.5 M H 2 C 2 O 4 solution at 50°C. To ensure effective adsorption of Zr(IV) onto TODGA/SiO 2 -P, the HNO 3 concentration used in the feed solution was set at 6.5 M in advance through the addition of conc. HNO 3 . This acidification process was necessary to ensure complete dissociation of the Zr(IV) ion from the Zr(C 2 O 4 ) 2 complex on the basis of the total reaction of the proton with C 2 O 2− 4 . The concentrations of Mo(VI) and Zr(IV) ions used were 7.57 × 10 −3 M and 5.12 × 10 −3 M, respectively. The column dimensions were 1 cm i.d. × 22 cm length and the flow rate was maintained at 1 ml/min throughout.
The separation results obtained utilizing 6.5 M HNO 3 and 0.5 M DTPA-pH 0.77 as eluants are illustrated in Figure 7 . As can be seen, even when the feed solution was supplemented, the Mo(VI) ion showed no adsorption whatsoever and was quickly removed completely from the column with 6.5 M HNO 3 . Such ready elution resulted from complexation of the Mo(VI) ion and H 2 C 2 O 4 . The Zr(IV) ion dissociated from the Zr(C 2 O 4 ) 2 complex in 6.5 M HNO 3 and was firmly adsorbed by the TODGA/SiO 2 -P resin. As a consequence, it did not elute out alongside the Mo(VI) ion. However, only a part of the Zr(IV) ions were eluted out by the 0.5 M DTPA-pH 0.77 solution.
Previous studies showed that the Zr(IV) ion could be effectively eluted and recovered from loaded CMPO/SiO 2 -P extraction resin through the use of 0.05 M DTPA-pH 2.0 as an eluant (Zhang et al. 2003b) . Such an obvious difference in the elution efficiency of the Zr(IV) ion is a reflection of the kinetics of the reaction involved in substituting the complex between Zr(IV) and DTPA by the complex between Zr(IV) and TODGA inside the extraction resin. It was probable that this was a slow process.
To increase the elution of the Zr(IV) ion, the temperature was increased to 50°C and a similar separation experiment performed. The results depicted in Figure 8 show that no adsorption of Mo(VI) ions again occurred and that these were eluted first from the column by 6.5 M HNO 3 , giving a result which was similar to that depicted in Figure 7 . The percentage recovery of Mo(VI) was 100.5%. After eluting further with 0.1 M HNO 3 and distilled water, 0.5 M H 2 C 2 O 4 was employed to elute the Zr(IV) ions adsorbed by the TODGA/SiO 2 -P extraction resin. The Zr(IV) ion concentration in the effluent was found to increase rapidly under these circumstances but then decreased with increasing volumes of 0.5 M H 2 C 2 O 4 . Such a concentration change in the elution curve of the Zr(IV) ion indicted that the latter was quickly desorbed and eluted from the column by 0.5 M H 2 C 2 O 4 due to the strong complex reaction between the Zr(IV) ion and 0.5 M H 2 C 2 O 4 . The corresponding recovery percentage was calculated as 96.8%, thereby demonstrating that Mo(VI) and Zr(IV) ions could be separated from each other via the MAREC process and recovered from a radioactive waste liquid containing 0.5 M H 2 C 2 O 4 . 
CONCLUSIONS
As a part of the MAREC process, the adsorption behaviours of Mo(VI) and Zr(IV) ions onto TODGA/SiO 2 -P extraction resin were investigated in the HNO 3 concentration range 0.5-9.0 M with and without additional 0.5 M H 2 C 2 O 4 . It was found that the Zr(IV) ion exhibited very strong adsorption onto TODGA/SiO 2 -P resin even in the absence of 0.5 M H 2 C 2 O 4 . However, in the presence of 0.5 M H 2 C 2 O 4 , the adsorption behaviour of the Zr(IV) ion was complicated. Below 4 M HNO 3 , Zr(IV) showed virtually no adsorption onto TODGA/SiO 2 -P, it was partly adsorbed in the range of 4.0-6.0 M HNO 3 and firmly adsorbed when the HNO 3 concentration was in excess of 6 M.
In the absence of 0.5 M H 2 C 2 O 4 , the adsorption of the Mo(VI) ion was substantially lower than that of the Zr(IV) ion. When 0.5 M H 2 C 2 O 4 was added, Mo(VI) exhibited no adsorption onto TODGA/SiO 2 -P.
Using the result of batch experiments, separation of Mo(VI) and Zr(IV) ions from a 6.5 M HNO 3 solution containing 0.5 M H 2 C 2 O 4 was performed at 50°C employing a TODGA/SiO 2 -P extraction resin-packed column with 6.5 M HNO 3 , 0.1 M HNO 3 , distilled water and 0.5 M H 2 C 2 O 4 as eluants. It was found that the Mo(VI) and Zr(IV) ions could be desorbed effectively with 6.5 M HNO 3 and 0.5 M H 2 C 2 O 4 , respectively. Complete separation was achieved between the Mo(VI) and Zr(IV) ions. The recovery percentage was calculated as 100.5% for Mo(VI) and 96.8% for Zr(IV), respectively. 508 Anyun Zhang et al./Adsorption Science & Technology Vol. 22 No. 6 
